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Abstract

The main objective of this study is to investigate the effect of co-deposition of mesoporous silica
nanoparticles and organic corrosion inhibitor on the corrosion resistance of electrogalvanized steels.
For co-deposition of zinc and mesoporous silica nanoparticles (Zn-MSN), different current densities
and concentrations of SiO; nanoparticles have been tested. The optimum deposition conditions were
obtained at (235 mA/cm2) current density and (0.5 g¢/l) concentration of mesoporous silica
nanoparticles. The zinc metal acts as a sacrificial anode using cathodic protection and simultaneously
mesoporous silica nanoparticles act as a protective layer for the carbon steel substrate. In this study, the
electrogalvanization method has been used as an alternative to hot dip galvanization method in order
to reduce the coating thickness and solve the heat affected zone problem. Further increase in corrosion
resistance has been achieved due to the presence of mesoporous silica nanoparticles (MSN) and organic
corrosion inhibitor (MBT). In order to investigate the coating properties, FESEM scanning electron
microscopy, XRD X-ray diffraction, Fourier transform infrared spectroscopy (FTIR) and
electrochemical studies using electrochemical impedance and potentiodynamic polarization in 3.5 wit%
NaCl solution with and without of corrosion inhibitors were used. Since the silica nanoparticles in the
composite coating act as nucleation sites, the size of zinc crystals in the coating have been reduced and
the coating surface has been modified. The electrochemical measurements clearly show that the
corrosion resistance of the coating (Zn—0.5MSN-MBT) has been increased significantly in the presence
of high charge transfer resistance (1.847*105(Q2cm2)), silica nanoparticles (MSN) and organic
corrosion inhibitor (MBT).

Keywords: Electro galvanized, Co-deposition, Nanoparticles, Silica, Nanocomposite, Corrosion,
Organic inhibitor



¥ VY Sl (YO paa by Jlo) 00 oily o jlacki (S0, 95 (ot § p gle doliliad
LAY 58 Sy 55 4 oo glie 3 JALAa 530 (uataes Sl 5 AT (593 0 10300 Gla3D I iy

) 0 o3lizal Caliies sl ig, L [15 50 o]

Sagy Sl gl eslal sy e Olydssl Ol
e el Smeg e D350 (gay ame) (RS
Jds 4 (MSN) (Mesoporous Silica Nanoparticles)
WS BB G5 e 05 ails dile ol
Cols 608" ol ULy Vb 5ol 5 (SO g lul
B e R B G T RTISIIS IS TR
DIV] Clos S5 Clor 5 5 4 Calides slaains

Caslie s 4 Zn-Si0) (sl selS SU 4 ax 5 1,5
el B 8 e 53y S e e
Sl PH 55 (555 (558 aun 55 ko S 5 L ioan
DNF 58] bl o 28l (53,5 S el

D PSSP G A BN TSI
DAl Gl Sy 5 glaodiylsil 31 eslizul o oS
Lo 53 Vf chle s oS wmea (o5lse Loyl il
Ay oo Pl b5 6,8 sl Glea ) (S5 (ol
Slakas 55 (o555 slaodilssl 51 oS slie 03530 L
b oo Sl g5 skl I Chlis CB )
Ghip e S5 b5 gled S b 5l eedsylajL
o o (595 Ldlows S50 0¥ S (g P o 5 03 L
[a] das e JSSis

2 ¢S ws s Sugas Je Shs g 4 baedslssl
Ll 63k S e Sl emlio

4 T dbe il O Gl T 51 ol Jb= ol L
b 85l slaediylajl 4 ar g pl ol it S5 Jaoms
el 03 S 1y 530 T glaedisls sl dile S 5 s
Olge 4 o iy e ST oGbeiylail « S5k o
5324 6T (Slaoi) 125k Ol 5o 4 o 5 U157 (slaontiyla 5L
ile ilises JT (slaotiyls sl

Y =YF] a5k s 5uH -

Y=YV 534 OA] T 55550 5018 0 — Y

TJ335 5 5= 0 = el =Y [YA] T U 58T S 5 5kn = A

11-H-Benzotriazole
2 2-Mercaptobenzothiazole

8 8-Hydroxyquinoline
4 2-amino-5-nitrothiazole (Enheptin)( Enheptin)

Ao -

SheCans 53 b eslinul s 4 S, 3 oY Chls
5 S b §) S Sl Ll 65L5 Coenl
Sl 03 5 0551 JE ¢ S, 5 31 5Y 8 Chli (gl gLl
Zn) s, 2)lkal Jouily O35 e 4 axs L [V]
53 (&5 = +/FF) (FelFe?) caT a4 S (Sdy = +/VF)
S35 SH by (SHE) Ojssde s luilal 558l
WY S Olsis o 5 (S5 mle 6K Ol 4 o Ll g o
AS s oS 3Y g a5 gl edipdlds GUT Lblows
&l 03 58 5 b w05l JE 5 S NAVS ans Llgl 51[V-¥]
S, Gl slaphd b oY i)y 0ol iy
S eslimul 550 ao glas )8 L (il s des
Sladame 53 0554 S5y iy 2gms (b oll 43 8
S5 s @ csb e (sladamms 5 i (slrodu VT (g5l
S35 4 BT Ol a5 53 i 035 E55 Y oo
Slealizwl b Olg oo 1y 60 Lidg S 255 4 Caaglie 3yl
crt @l sl b 03, Gy Ssls G 03 S Sley S
035 655 Y pamn JSE5 5l par s Laen 5 555 pelam
W s LT ol bl as e o8 e i
Ared Oy a5 Lo (515 S o ey
Sl s damen b S8 5l a3, Sl eslizul [F-5 5V]
B Ol 1y gy G &G 4 B Sa) s pals
34Y 505 o bl 153 Ygeme Fay T3 ol o
Tl 015 (0 (b Sldas b 35 s sl 0kl 55 Lo
e 53 5ol Al 1y ek Lases 5 Y 55w el
[Pl Sy 1T 51 6,8 s> Cls

SOl ol 3 s Sos 4 Cuslie 5Bl gl
S0 g a3 (2o DAL s,y s Ay
O s @l 558 U Gla s B sd e Lz
AN Ga sy @bl g Sy ol
L o il o (S5 5 4 Cglie 5 (525 5 a e
S35l ey e el sl ii g Sbul ¢l [F]
] J 456 V4 ]SIC 4] ZrOz A 5 V] TIO; wsle Calises
Si02 5 [\Y-18] 31,5 Y 5 ¥] GO \W-\Y] oS



VEE Sl (PO ana il Jlu) 00 by o lach « [Suy 55 eusigs § p sl dolilnd
SO g8 S35 s glia Ly JAlTe g3 (aatans 5 305 9 T S 95 o8 I3 Olajes B gy | T

ST A ke W0 4 CTAB o, 8 IV st ol (51—
Ak BV s ol 0ds L1 035 ob ZonT 0303
Se a5 5 okl LS| Jghee 43 ST 2 s VF 5 J 501
Cou TEOS ) oo YA Culgs 55 Sl 0 b gles 42330
Q&bf@»@osjra.@\ouo.s}p\C,.o,wm.o:jr.:a
0L Joolo Sl dmy 5 4Bl aslsl 3 8 o a3 FO glos )3
23093V 53 5 Sle b ko O3 5L 60 il g
OT b shzad Cow b aw 5 Llodd Ido Jghes 1 aids
w3 0 gles 53 Colu A St 4y 5 4B 8 15 6sS e
Slos 55 Oly3 eulg 3 Sl os &St 09T s 3l Kl
Vb S ce b cele § Do 4 L Kile ax s 09
Lok iandS” 4235y 31 Kl 4

S9) RIgel gy (R (PTG I
JolStiog 30yl

Gos Joli (635580 53 sk & 3 (SC SN (35
YOm s YO slasl a5 g e 031061 L LT Ol 2o 4 (184/4) 53,
el 1/Y CM s L 5187 0l e 4 (SE=YV) o S oS 5Y 3
Ll w5 65 p sy sl skt 4 ol odd
AT By 2e SISIC JelS L Jesliaw S 65V g
Ve S 0 &S5 gl Al plas 53 T 5 JSUIL o 5 435
s iS5 S S O gy Lilodds ol o 2 4SS
T alke Voo 5 NaSOs YM ZnS04.7H0  Juls
Y gl e g/l (MSN) sdknze s 5o b Cale 55055005
plo! 318 e a3 FO glos s¥ L Ll pH s /0 gl
b J&s 5 53 S psssm, wl ol
el 45 8 5 s 5 40 00 MA/CM? 5 YO MA/CM?
S g 9 DMH3e6 sbaasio S ey -F-Y
SR Igel

4 e Yo maon b sy S oSy S
TESCAN Jus (EDS) WSSl anil il 50T eiwialb
3 ke S35 9 5550 st s MSN 3 ik 05151 md (51 5
AT el oks w8 o b i Lbsle
O LY Sl g5 2> (FT-IR) a3 0psle miw b
Fro5ty s (XRD) WSSl andl 3, oS0 ¢ e e
VOB 5120 Slossdoun 53 T Ja¥e Ol > 5 Iy olS
o&ews 3l eslizal LNACI/¥/0 Jglous 55 (ZN-MSN) i 5

1 2-Mercaptobenzoxazole (2MBO) (2-MBO)

o Cuslie ol gl [¥e ] dgslaST 50008 0= Y 5[Y4]
a o3 il S 5 eslial 5)5m S ssV g Sy
035 1> s 4 (MBT) Js5l5 s 50535 o= ¥ &8 el S5
10328 5 b a ad Sse 538 s N SIS s o (slaail
S S 6l VU LU (Fss s ediglail Ol
[V A el by LIS

Sy odkds o e [Bdite g 50 Sl y3 6L e g s opl s
ok 03Laul ZN-MSN 25 508 56 2 g0 S 2SO gy
]

Syl e sy i ol Sl Cads
25 S i S eslinl b o33l S5 2SI gla 2k 5,
Il e ¥ T o Sayes sedslasly s
ialy cpl 53 .l (MBT) (2-Mercaptobenzothiazole)
I Cow ZN 5 ZN-MSN 1558 5 sla i s
s> 33 MSN &l,3 50 Calises slabale 5 Olej 0L~
oki oy (MBT) JT (83,5 oiylsjl b pde 5
S 2055 035k 5 (S SN sy Ll i ST
o Cuylie 5 Jhw S o301 Glsleyy sy 2 (MBT)
3,50 2N 5 ZN-MSN 55l 56 (sla i gy (So) 55

el 8 8 13

G5 (99 § Slge Y

ookl 390 dlg0 1Y

635 DM g 3l o plawil Sl 5T plowil (612 ol o1 53
b S e T LS (ZNS047H0) T v
Al ((SDS) ol g w3 95 SR &S, (NazS0q)
&5 et (H2S08) &S5 5 5 gl ((HC) S IS5 500
L& 734 ( CigHazBIN) (CTAB) dles s pssigol s
/+ (SiCsH2004) (TEOS) lSihw 5,51 J511 5 ¢, T
(2-Mercaptobenzothiazole)d s ;Ls 5 s 558 e =Y &S
(NH4OH) &S'L 40T Jsloes (57 10) o J 561 «(MBT)
sl 0 d 03zl (H20) 050 555 OT 5 &S 700
Joning 30 pwdaw (53956 i — Y-

25 o h sl g 8 MCMHAL (i ol s
sl o ag IS = o iy 4 5 318 Slo 455 FO (sles
S35 Syl ek eslial /0¥ o oIl L 4 s



VO les (PO -t by Jls) 08 sals & jlack (oS0 93 easige 3 p gle doliliad

A

o LAY 38 S y53 d o glis o JAIT g3 i 53 g3l g 1T (S553 0 a3 (o pas I pua )

e 0 rleu’! Electrochemistry Power Suite
(RP) 0 gl 322 ot slie 5 (ICOMT) (3,550 0 2 JE
SleMbl  Llods awwl=e Stern-Geary g, 51 eslewal
&ly Z-SIMpWin3.21,0 30 5 Lws EIS 5l 7 Ao

Ll 515 50T 5 g0 Islas S S sla e (g5l ote

o g mbs-r

Jong 30 e SUSL 35 (gws g )T
3050 Sl FESEM ,pms 54 ) s 5) S
s oo Ol 1) (6 e 5IUT 5ol i odieio s sn e
YEOL YT g b35S D3 pslal 4 gL

lodd 55 5K Doy 4 45 50 0 odaliis o 5l

IV WOV

Vi it 754 &
WA MAG 38 b beweetyt 90000

8 515 Jdous 3590 glad s 2SN uilibial 5 Sl iy
o Jsbe K s ol S ST el ol
4 (YM KCI) AgIAGCI 55 ;U1 51 JCize S same (635 2
25 /S0 Olge 4 5By 2 S e 05 SN Ol g
a8 35 Ol 4 (4300) S 55 S 5 8 5 ked

WLl 0 plon
Sheslizal b odd osls ogmy o i S, Lk,
oildsel (awca b (OCP) 5L e Joilsy e
0 ESaliss geailty gl 3 5 (EIS) (ol s 2SI
03 5doun 53 Ty o O fuuily atels 3 EIS (0 503T sl ol
plil Fasda )t U 5 dS Ve o Wil S
NBle s &SaS L glads S Sl e S

DKX (7 9 VKX (o AKX (il iliseo gla2LodS ) j2 )3 MSN 4y bogs y0 SEM yaguas .\ Jsobs

MSN 1) 3936 HIEDS (s jaic 3aJUT .\ Josa

s (W%) (S39 s
Si ¥/ 0
0 #Y/40




VEOF Sl (PO - ada3ils Jlu) 00 calas o jlach < S0, 95 sudigs § a sl doliliad

o LAY 58 S 53 4 uaglis o JAIATe g3 i 3 9300 5 AT (Sa553 0 a3 o jas B (pun

YA

YO w35 53 S, aaeiin 6K 35 o otaline &S shilen
S Obbas by e aS Ul o> 455 /¥4 (F/VFY Usles

OIS PR P
T 2 Js;m)ympg\,sj;u5@|;s@¢ﬂ
03 i 6y b 5t Sl Skl glls o)
- C)Kb..,a‘ 4 93 g0 oo odaline a3V I YL bl

..Lb‘} d)}ﬁT

MSN

L¥V] Jxlstiog jo pruadass <1 39506 03w 0315 Yl Suslouds .Y JSubs

1000
800
600
400
200

Intensity(a.u.)

0 10 20

30

JoelSing 30 yuabaw XRD 3J6T 2YY

O3 b wws JIMCM-4L Sty S lstle lolis gl
YO o55ds ;5 XRD SJUT 51 ((MSN) Jscknza s 3o uskeos
el 0 03l VO B D

Jdszesze ueow S350t 51 SSLs Y LS s
XRD 5,lull 5 KN Y S ol ods o3l OL&
a3 e OLE 1y MCM-41 b, 81 Ka jLestlo o by

MCM-41

40 50 60 70 80

2 theta (degrees)

03 jiiuw (MSN) & bogs o XRD (593J1.Y Jsois



¥4 VEY s (FO - ada 3l ) 00 salss o lach (oS0 93 oudigs § p ole dolilind
o SLAY 98 (S 595 a3 Croglio iy JAATe g 50 uslens 5380 9 (AT (89565 0l Olojer S5 oy

(MBT) 3395 owiylajb FTIR 36T -FoY

ST odiylasl 51508 Ossls oiwiab LT O S
s o Ol |y (MBT) (C7HsNS2) J g5 50 8 0 — ¥
oo gdoms 53 ol Gy (J Sl 4 s L
5 (CH) Ly & bsse YA 5 (YO -YALY)
5 5 4 (VEF 890) 5 (VFYS AFIV) j3 55 > 4o slacSy
Azib s (C-S) 5 (C-N-H) & L5 e

Az e 0Lis 1) (MBT) (T e yla 5l leslu # S

JEkiog 30 ke FTIR 36T _FY

s &y el 7w MSN & Lg » FTIR GILTF S
as o Ol Jele laos £

S RO s Ll gl S pl wa g L
Ly S il 4 by i 5 4 V0PV
SYFer 55 55> e ¢Sy . LiL s SI-O-Si 5 O-Si-O

MOCM-41
e e NI i,
- e ~/
= | "
T =N
s = V7
S s \ [VEie
- | 7|7
o | !
= | 1 T (
g | | is70 ‘
bd
: | |
- 3400 i
- !i I
{3 :il
|z @
19 450
1067 | = |
3996 3583 3169 2755 2342 1928 1514 1100 687
Wavenumber [ecm-1]
030l jiiaw MSN & bogs yo FTIR 3uGT € Jsuis
—MB1
= N : 2 /'§ ~
S - 4 A
— { &1
& g | 3
= i [
= | |1
7 =i = =
- o Siie
£ B
2948
3430 21889

3996 3611 3225 2839 2453

2068 1682 1296 910

Wavenumber [em-1]

MBT JT 033,13)b 43 bgs o FTIR 3uJUT.0 Jsib



VEOF e (O ana3ily Jlus) 00 sl o jlac (oS 85 udigs § p ole dslilind

wr LY g8 (S 95 as Cragllis ju JAMATa g e uslin )3 3L g (AT (S35 85 003 I3l plojad 31 (ouuy s

a

S Sy b S5 s Y S 4 e g L
el @B gl LB Lx OL oy J&s L
Liles &Y Ol g 4y o0 Ll 5 n Jokino g s ek D5 50
LSHUKQLLA:-;U:‘..A).U}& S 5 S b O3y
F 0> g e S35 ol sy S s & 2V
4;-;:L....U}.&J‘J'Te.l;')l:jl{o\j;pch.u.s\q'.lld\:lébi\fi
O E S PO WMCH Y- 9 LG - R P (S
G Ll L 15 e 3 Ay D3 Ol
0,0 58T Ol e DO MA/CM? &, ¥ MA/CM? 31 0L > J&s
SR e 53 D)3 xS e @IS 5 s os
ol O 53 sy sl BT o 3 5 b
by gw I (EDS) (s paie FAIHN S PRESINRIRT
Sl b dsde ol ollae das e O 1) 35 emelS 50
chle 53000 MA/CM? 4 YO MA/CM? 31 oL > J&s
a3l ol 310 5Si aie Ol /0 9l /N G/l 511350
i A S Sl bl JialS 7N e Ol Sl s
ke Gy 525508 SU Sy o SIEDS oo m g
.M:@QL"&Jb@bM):J.pl_&alcjjJ} O)SI Zn

Olizin 51 S AT okiplasl opl & S-S 4 a5 b
S a4 sl Al 6 0T s & ol ad sl s
559055 955 S5 e 95 s 4y Lol ol fuats
Slizie LS5 ol IS5 S b okias Olis oS 5l

Ll Oj’jféﬁbf;fcs%ibs Ry

DA] (MBT) JT 035,133L jlabw .7 JSub

SRIGRE gy Sl 35 (g 2 =0T
oSSl by mhe gpaie AT 5 (6585
oslizal b 0Ly J&s 5 chle &l ks elul, ZN-MSN
axsl 3, 5 FESEM) Lius) s, S0 oSy S

el od 03,37 Y Jga 5 V i 55 (EDS) .S

wBE (7 o o) ABES ¥ Olo) 3o ) like (Sl e )3 yindigs &3 bgs pe FESEM y39005 .Y Jsubs

DOMA/em? Yl S «/d g/l 9+/\ g/l = g/l wnddle (0 ¢) 3) 9 YO mA/em® Yyl JBS /D g/l 9+/\ g/l = g/l



()

VEOF e (PO - ada il Jles) 00 cabss o lach (53,85 suudigs g p ol dolilind

o LAY 38 S y53 d o glis o JAIT g3 i 53 g3l g 1T (S553 0 a3 (o pas I pua )

aligeo 9l (SS9 wslblé )> Zn-MSN RI9el 93l yluligs EDS (s puaic )'-_I_JUT A UTEEN

(W9%) (39 we s

<o/l Syl ol
s
& mA/cm? | o mA/cm? | va mA/cm? | 6o mA/cm? | ¥o mA/cm? | oo mA/cm?
Si - - Y/\Y V0¥ A0 4/FY
O 0/b6% ¥/fF Z/¥A \Y/FF YAld VF/YY
Zn af/ff 406/0% q./F A/ Y AO/7F V#/Y¥

0OSi7n

S VARSI Y

Vivw Btz 845 400 ot &
SUNMALE 150 K s A

OKa

WO 130 e |

2




VEOF Sl (PO - ada3ils Jlu) 00 calas o jlach < S0, 95 sudigs § a sl doliliad

o LAY 58 S 53 4 uaglis o JAIATe g3 i 3 9300 5 AT (Sa553 0 a3 o jas B (pun

oy

NaCl /X708 J glows 55 Calides (slad gas (51 SKal s gl
K Jad 50 IS a5 bl od 03, 5TY Jgdr )3
ST Sy okiylsjl s Lol I ys &8 i Oly
Zn-0.5MSN 57N % 55 53 53,55 0L o J&s (MBT)
o S ol 03,871y a5 B Ol
(S b aspd D3 4 ek D30 sl ST
el Bl 22l (S5 0SB

S ey Sy Ul LS
(Zn-0.5MSN-MBT > Zn-MBT > Zn-0.5MSN > Zn)
Sy S 4 Saglie il Sl @l 4l
il Ko gladses 4 Cwws (ZN-0.5MSN-MBT)

el il L;xia&?

& 295 Pl (g p Y
e D36 1y 8l gleris fS GO 50 5T
Coaslin S5y 5 (MBT) T eiyls3l 5 (MSN) suliuze s 5o
el 38 Dy oI JE S G Say
Olas |y Calises (6lad gai 512 (OCP) 5L jlie fawily 4 IS
das e Ol l)dé;.edb Ladjaswtgu‘}:aﬂ:.; e e
SIS e Jeily ¢ S35 0dinlasl 5 e S s I
oI55l o 4 Ol o 1y Jale pl 45 Sl aly 2l 5l
e Ve Sl G o S Y B e 55 2 S
5 osam 53 1) sl I eSalys ity O el %
Ol Sy okiylsil 5 ek S0 ylpde

Oseel 2Dy 05051 51 odkd amloms sla eyl o oo

0.95 ——7Zn-05MSN e Zu-MRBT ——7n  ——Zn-0.5MSN-MB1
W RSB T e st - - eritmisieee
I i
h‘"‘h.—._A
i,u N P .
= 188 [_”__,- .l N
™ NS, .
v 0),9%
- 1.9
g -LI . —-
t - =
1.0 e
1.15 l-1.02
] 2 " il
tm Ne
1.2
0 1M 200 L) 400 Son (810
time (Sec¢)

WS 3093 035)13)5L 9 Yuahiw 1) 3936 Hguda PIL 9 99983 ) yiubgy dig.ed (OCP) )by jlawe Juuussliy Hlages .4 Jsuds

-0.8

-1.0 4

E

-1.2 A

Zn-0.5MSN-MBT
——2Zn
——Zn-0.5MSN
Zn-MBT

log(i) (mA/cm?)

Saolia Sgamiiliy gasl 3o )My HlSges Ne JSubs



oy

VEY s (FO - ada 3l ) 00 salss o lach (oS0 93 oudigs § p ole dolilind
o SLAY 98 (S 595 a3 Croglio iy JAATe g 50 uslens 5380 9 (AT (89565 0l Olojer S5 oy

NaCl 7.¥/d Jgdzxo 33 Saolis Sgumilis gl 3a M 0ge)T sl pielils .Y Josa

B. (mV/dec) B. (mV/dec) Ecorr (mV) Icorr (mA/cm?) 45909
\t4 =-Y\A —44Y/A VARYVN o Zn
14 -Y.Y —44A/VA ARAAAY Zn-0.5MSN
¥ N AR NARARNS Zn-MBT
o —-\py EARRAZA VAERT4 Zn-0.5MSN-MBT

a ey b on o i (Sl g S sl s 4 S
33 5035 Sute 5l 6yls Gdewl Gladass 5> MBT &
Gri sy s> |5 4 NaCI/ Y/ Lass j5 S5y Lol b
Pl an 53 00 b on @ ALSMBT (6l (gl Ll o2 IS
Sl SN e G b 5 a8 SV $ s, 2 MBT
2 dle S, Lol us i sl 55,8 Oy
IYP] 255 r o 595

Ol Calises Sla S 3 5 1y Bode Sls 508 VY S
(el G 3 0 eiliel Joe (Sl 4 a5 L das e
.MJ@QU«J‘)ﬁ))?QQ}Gﬁ

il llan 55 3l dla puilS 5 ples s oV S s
Iy YL olas b gl Lo 4 Cd (ZN-0.5MSN-MBT)
&l 5 5L B wsls ks 1) I 5s e e 0L
S oyl @ a5 bl o 03l Olas Calides (clads sed
3 1y s assly o =YL (Zn-0.5MSN-MBT) 4 5a

Aas Ol s e 5l YL sla LS

5 EIS) sl S Guilitsl Oa3T VY S
o.,U)b)'lijC)\JS}JU)}J}@.\;JJWJJJML;LAAJ}AJ
%;wpwg\,syuwﬂﬁ.,\m@owb;m;
Coaglie 2ol 8l ames 53 g b JUEl Cwglie 2ol 53l 4 2eie
S S a4 Caslie BIH sk S 4
Syl sl odias Ol ZN 4 S (ZN-0.5MSN)
23 Sl iy 53 Jlb S5l s sl OIS Ol gie 4 puedkens
s3> 51 53 (Zn-0.5MSN-MBT) & a5 cla gai plad
© Cuslin V0 glyls MBT) JT S, odiylsjl
b ol o 303 b JUisl Conglie e god ol 53 ol S5, 5
LT3 87 Bl ol eukimns 0L 15 o 8005 it ) s
3250 Saglie b 55 558 3 S Gl JEsl s s & (Ss, 5
SLSl L b (555 S35 odiylail oda gl
o sk &7 Syl sy 5 (53L5 Comnl Sl e
Wil e (oS SV e L L S5 eylsjl
Y o (555 (S35 iyl o d S pe o ENS



VEF s (YO ana 3l Jlu) 00 sabas o ladk (oSuy 55 swaigs § pgle daliliad
S 8 595 o Canslhe sy JALAIag3e s S50 5 T 5093 0 fa3ts sleian S s | OF

3500
3000 | =0 _
——71-0.5MSN-MBT
2500 - Z11-0.5MSN
«Zn MBT
2000
2 1500 | ()
:2
g 1000 |
N
1]
0
0 00 1000 1500 2000 2500 3000 3500 4000 4500 5000
Z/(OHM.CM2)
100000
—a—70-0.5SMSN-MB1 —a—7n
10000 == 70-0.5MSN Zu-MBT
1000 (<)
i
c
100
10
1
0.0 0.1 1.0 10,0 1000 10000 100000 100000.0
frequency (Hz)
90
v Zu-0.5MSN-MBT e
70 Cod "
= ——7n .
£ 60| —=—ZuosmsN
* 50 Zu-MBT
T 40
X
2 30 @
-
¢ 20
Z 10

-10
-20

0.0 0.1 L0 10.0 1000 10000 10000.0 1000000
frequency (Hz)
09985 3£ 9 )83 )3 HBB HISg03 (7 9 Bode 19903 (o wamnnygfil H13g0s (il —ilitko (GLdAIg03 Sl (luoisg yisdI 0931 N\ Jsub
WS 3093 035,135k 9 Jsthkieg jo uadun <l 393l



2 VEY s (FO - ada 3l ) 00 salss o lach (oS0 93 oudigs § p ole dolilind
o SLAY 98 (S 595 a3 Croglio iy JAATe g 50 uslens 5380 9 (AT (89565 0l Olojer S5 oy

5oy Jladg SN ly3 358 L O g Jasl &7 65,05 (W)

.MJ@QLL}J)J;Q‘CE.»QEA
4 Caglan il 5ol g 5L Jlasl Cwglie (2] 58 4 e o oelaw
c;:)f'- odiylajl Os9 1 Sl ys s s ;:)f'-
Jsde 5 568 0k & 51,13 ZN-0.5MSN-MBT 4 s

Al e S 53 VY il

Osa)0 @\:.S Solp sl eolgdy ol Sl Jue
o 0305 OLENVY S 5 olenti s S sl miwial
03 Calides (sladi god (6l s dslas Hlde a4 by 0 (sla el
el oks 03,57 F Jgd L5 ¥O MACM? 0L > J&s
beslimal b oab g e gla eyl islie 5 dslae (gla ylae

el okt | Bl ZSIM il
okasolis (Rs) ke 51 Calides sole b dolae Hlde 9
Y Ojl CPEg (idg Cowslas (Re) Jgloes Conslin

NaCl ¥'/d wt/. Jogd=xo )3 Zn-MSN (i )940L5 95U (Sl yhaiigs (5l )3 (2loasisg piSIl il dusl ( Smiww ulo u,.o)T B iehl £ Joda
Y0 mA/em’ gyl s S 9 alike slacslale »o

ob e JE> Id = ¥omA/cm?
- Zn-0.5MSN-
& g zn Zn-0.5MSN Zn-MBT VBT
e O350 cdald Cmem =10/l Cmem =+/09/1 Cmem =19/l Cumem=+/09/l
Rg (2cm?) Y /FY 4/$va YAa 4/Frf
-2op-1
CPE¢ — Y(Fem™sP™%) VY 5y AAYD 51+ S/eO¥ 5 ) YAV 5 )
CPE¢ —n L AF45 «/AVAS TV CIVAAD
R (Qem®) 70/ VFFD O \VEF
_ -2 op-1
CPEcy —Y(Fem™s"™) VAP 51+ AP )T VFRas T YTy
CPEcr —n +/AVOY /AP </ANVE /AA90
Rer (2cm?) \\idd VOAY NN VARV )8
W (@) - - AV N F YA YT
CPE. CPE _ CPEc CPE
R |
I ‘wa. J‘
R W
C CT
(o) (adh)

boaing 3l il Sgel GTiasiub 90T @B i)l sl 0Ll 390 J3lae Hlde Jaw AY Jsb
.Zn-0.5MSN-MBT g Zn ~MBT (<) Zn-0.5MSN 9 Zn (&JI)




VEOE Sl (PO - ana3il Jla) 00 salas o jlac (oS 95 eusigs 9 p ole dslilnd
e SLaY 98 (S5 95 iy Croglio iy JAATe g0 uslies 53 A0 9 (AT (89,83 0 jlujls Glejer S5 ey

oF

& 5 aomis ¥

Ll ok plsil SE=YV) (2 S 5Y 58 &Y 55 65, » ZN-MSN 25508 $U i g Ol jer A3 gy Gutwl pl )5 @
o S s e b (S35 5 6o, 4 3 ssmge Olyim alS Cel((mianlS g 53 ek D340
S a aglie 51505 65 ladbey S A, Ay e Ol il Esly udew S350 s ¢ S5
S 4 S /XYY (MACM?)) ZN-MSN 5 50l8 56 2 g0 61 S35 O o S 457 sy 5b 40 sl oo
NaCl (g5l J s 53 (MBT) JT S5,55 0iylsjl ) suim il oo Lyls (5208 pslis (+/++0A¥ (MA/C?)) Zn
S 3 Sa) Sy (S a Saslie GBIENEel wisad mhe 55 Skl S Ol s 4 0,
255 (555 S
(VARY 1 +2(Qem?)) YU LU JUist s glie 87 dib oo ZN-0.5MSN-MBT & sa5 4 b g 1o 3555 4 Con gl o i
SRl 4 e (/XY )7 (Fem™25P71)) 68 55 4¥ 0l 5ldde 035 oS 5 (W) &8l e sl HLS s
S 4 b (S 4 Caglie s plnil SlaslejT 5 o Sojlbl Gillas ool ok (Soy 5 4 Cuaslis
Sl a3l 28l Zn-0.5 MSN-MBT > Zn-0.5 MSN > Zn-MBT > Zn

S0 g K
,:§>‘_;GT9\;?J;~Q,\;\)J¢LGJL:MUI.v;uﬁgggq\,uu,;idw;}brkljég)|)ég):6om>k|)woguj§;
.C)‘J‘Jjgﬁ;JLQSG-U‘OJ\JJ‘J.;DPCATMJJMJ)}A‘Jaﬁ)&a)‘}aﬁgcwbéb‘b‘};&ﬂiszﬁj:«ﬁjb\jjé

&y

[1] R. Kumar Swain, P. Upadhyay, A. Nag, A. Banerjee, A. N. Bhagat, A. Basu, and A. Mallik,
Electro-galvanization of zinc and zinc-nickel onto mild steel for improved corrosion resistance, Materials
Today Proceedings, Vol. 62, 2022, pp. 6257-6264.

[2] X. Guan and J. Shi, Protection of galvanized steel using benzotriazole as a corrosion inhibitor in simulated
concrete pore solution and alkali-activated fly ash solution, Cement and Concrete Composites, Vol.136, 2023,
pp. 104880.

[3] T. Liang, H. Yuan, C. Li, S. Dong, C. Zhang, G. Cao, Y. Fan, X. Zhao, and X. Cao, Corrosion inhibition effect
of nano—SiO; for galvanized steel superhydrophobic surface, Surface and Coatings Technology, Vol. 406,

2021, pp. 126673.

[4] R. Kumar Swain, P. Upadhyay, A. Nag, A. Banerjee, A. N. Bhagat, A. Basu, and A. Mallik,
Electro-galvanization of zinc and zinc-nickel onto mild steel for improved corrosion resistance, Materials
Today Proceedings, Vol. 62, 2022, pp. 6257-6264.

[5] K. Alipour and F. Nasirpouri, Effect of Morphology and Surface Modification of Silica Nanoparticles on the
Electrodeposition and Corrosion Behavior of Zinc-Based Nanocomposite Coatings, J. Electrochem. Soc,
Vol. 166, No. 2, 2019, pp. D1-D9.

[6] N. A. Polyakov, I. G. Botryakova, V. G. Glukhov, G. V. Red’kina, and Yu. I. Kuznetsov, Formation and
anticorrosion properties of superhydrophobic zinc coatings on steel, Chemical Engineering Journal,
Vol. 421, 2021, pp. 127775.

[7]1 M. K. Punith Kumar, T. V. Venkatesha, M. K. Pavithra, and A. N. Shetty, A Study on Corrosion Behavior of
Electrodeposited Zn-Rutile TiO, Composite Coatings, Synthesis and Reactivity in Inorganic, Metal-Organic,
and Nano-Metal Chemistry, Vol. 42, No. 10, 2012, pp. 1426-1434.

[8] A. A. Daniyan, L. E. Umoru, A. P. I. Popoola, and O. S. I. Fayomi, Comparative studies of microstructural,
tribological and corrosion properties of Zn-TiO2 and Zn-TiO,-WO; nano-composite coatings, Results in
Physics, Vol. 7, 2017, pp. 3222-3229.

[9] K. Vathsala and T. V. Venkatesha, Zn—ZrO, nanocomposite coatings: Elecrodeposition and evaluation of
corrosion resistance, Applied Surface Science, Vol. 257, No. 21, 2011, pp. 8929-8936.

[10] M. Sajjadnejad, A. Mozafari, H. Omidvar, and M. Javanbakht, Preparation and corrosion resistance of pulse
electrodeposited Zn and Zn—SiC nanocomposite coatings, Applied Surface Science, Vol. 300, 2014, pp. 1-7.

[11] M. Peshova, V. Bachvarov, St. Vitkova, G. Atanasova, and N. Boshkov, Electrodeposited zinc composite
coatings with embedded carbon nanotubes — advanced composite materials for better corrosion protection,



VEY s (O - ada 3l Jlw) 00 salss o lach (oS3 95 cudigs § p gle dolilind
o SLasY 98 (S 595 3 Croglio iy JAATe g 50 uslans 530 9 (AT (89565 0yl Olojer S5 oy

ov

Transactions of the IMF, Vol. 96, No. 6, 2018, pp. 324-331.

[12] S. Ranganatha and T. V. Venkatesha, Fabrication and electrochemical characterization of Zn—halloysite
nanotubes composite coatings, RSC Adv, Vol. 4, No. 59, 2014, pp. 31230-31238.

[13] M. K. Punith Kumar, M. Y. Rekha, and C. Srivastava, Electrogalvanization using new generation coatings
with carbonaceous additives: progress and challenges, Corrosion Reviews, Vol. 39, No. 1, 2020, pp. 15-26.

[14] M. K. Punith Kumar, M. P. Singh, and C. Srivastava, Electrochemical behavior of Zn—graphene composite
coatings, RSC Adv, Vol. 5, No. 32, 2015, pp. 25603-25608.

[15] G. Song, S. Li, G. Liu, Q. Fu, and C. Pan, Influence of Graphene Oxide Content on the Zn-Gr Composite
Layer Prepared by Pulse Reverse Electro-plating, J. Electrochem Soc, Vol. 165, No. 11, 2018, pp. 501-510.

[16] K. Alipour and F. Nasirpouri, Smart anti-corrosion self-healing zinc metal-based molybdate functionalized-
mesoporous-silica (MCM-41) nanocomposite coatings, RSC Adv, Vol. 7, No. 82, 2017, pp. 51879-51887.

[171 Y. Yan, Y. Cai, X. Liu, G. Ma, W. Lv, and M. Wang, Hydrophobic Modification on the Surface of SiO»
Nanoparticle, American Chemical Society (ACS), Vol. 36, 2020, pp. 14924-14932.

[18] H. Cen, J. Cao, Z. Chen, and X. Guo, 2-Mercaptobenzothiazole as a corrosion inhibitor for carbon steel in
supercritical CO»-H,O condition, Applied Surface Science, Vol. 476, 2019, pp. 422—434.

[19] M. Amini, R. Naderi, M. Mahdavian, and A. Badiei, Effect of Piperazine Functionalization of Mesoporous
Silica Type SBA-15 on the Loading Efficiency of 2-Mercaptobenzothiazole Corrosion Inhibitor, Ind. Eng.
Chem. Res, Vol. 59, No. 8, 2020, pp. 3394-3404.

[20]1Y. Zhao, J.-B. Xu, J. Zhan, Y.-Q. Chen, and J.-M. Hu, Electrodeposited superhydrophobic mesoporous silica
films co-embedded with template and corrosion inhibitor for active corrosion protection, Applied Surface
Science, Vol. 508, ,2020, pp. 145242.

[21] D. Borisova, H. Méhwald, and D. G. Shchukin, Mesoporous Silica Nanoparticles for Active Corrosion
Protection, ACS Nano, Vol. 5, No. 3, 2011, pp. 1939-1946.

[22] G. Szabo, E. Albert, J. Both, L. Kocs, G. Safran, A. Szoke, Z. Horvolgyi, and L. M. Muresan, Influence of
embedded inhibitors on the corrosion resistance of zinc coated with mesoporous silica layers, Surfaces and
Interfaces, Vol. 15, 2019, pp. 216-223.

[23] X. Guan and J. Shi, Protection of galvanized steel using benzotriazole as a corrosion inhibitor in simulated
concrete pore solution and alkali-activated fly ash solution, Cement and Concrete Composites, Vol. 136,
2023, pp. 104880.

[24] U. Eduok, O. Faye, and J. Szpunar, Effect of benzothiazole biocide on SRB-induced biocorrosion of hot-dip
galvanized steel, Engineering Failure Analysis, Vol. 93, 2018, pp. 111-121.

[25] L. Ruggiero, E. Di Bartolomeo, T. Gasperi, 1. Luisetto, A. Talone, F. Zurlo, D. Peddis, M. A. Ricci, and
A. Sodo, Silica nanosystems for active antifouling protection: nanocapsules and mesoporous nanoparticles
in controlled release applications, Journal of Alloys and Compounds, Vol. 798, 2019, pp. 144-148.

[26] A. Chenan, S. Ramya, R. P. George, and U. K. Mudali, 2-Mercaptobenzothiazole-Loaded Hollow
Mesoporous Silica-Based Hybrid Coatings for Corrosion Protection of Modified 9Cr-1Mo Ferritic Steel,
Corrosion, Vol. 70, No. 5, 2014, pp. 496-511.

[27] M. Gholami, I. Danaee, M. H. Maddahy, and M. RashvandAvei, Correlated ab Initio and Electroanalytical
Study on Inhibition Behavior of 2-Mercaptobenzothiazole and Its Thiole-Thione Tautomerism Effect for the
Corrosion of Steel (API 5L X52) in Sulphuric Acid Solution, Ind. Eng. Chem. Res, Vol. 52, No. 42, 2013,
pp- 14875-14889.

[28] V. Prachayasittikul, V. Prachayasittikul, S. Prachayasittikul, and S. Ruchirawat, 8-Hydroxyquinolines: a
review of their metal chelating properties and medicinal applications, DDDT, 2013, pp. 1157.

[29] S. Javadpour, A. Hosseinzadeh, Investigation of Two Organic Corrosion Inhibitor by Density Function
Theory and Electrochemical Tests for Prevention the Corrosion of Carbon Steel in 1M HCI Environment,
Corrosion Science and Engineering Journal, Vol. 38, No. 10, 2020, pp. 19-30.

[30] A. Zamani Gharaghooshi, N. Esmaeili, E. Akbarinezhad, J. Neshati, Investigation of Corrosion Inhibitive
Effects of 2-Mercaptobenzoxazole and 2-Aminobenzimidazole on API-SL X60 in Sweet Corrosion Media,
Corrosion Science and Engineering Journal, Vol. 9, No. 32, 2019, pp. 45-64

[31] X.-P. Kong, B.-H. Zhang, and J. Wang, Multiple Roles of Mesoporous Silica in Safe Pesticide Application
by Nanotechnology: A Review, J. Agric. Food Chem, Vol. 69, No. 24, 2021, pp. 6735-6754.






